Effect of multilayer high-compression bandaging on ankle range of motion and oxygen cost of walking by Roaldsen, K S et al.
Original article
Effect of multilayer high-compression bandaging on
ankle range of motion and oxygen cost of walking
K S Roaldsen*†, B Elfving*, J K Stanghelle† and E Mattsson*
*Karolinska Institutet, Department of Neurobiology, Care Sciences and Society, Division of Physiotherapy,
Stockholm, Sweden;
†Sunnaas Rehabilitation Hospital and Faculty of Medicine, University of Oslo, Oslo, Norway
Abstract
Objective: To evaluate the effects of multilayer high-compression bandaging on ankle range
of motion, oxygen consumption and subjective walking ability in healthy subjects.
Method: A volunteer sample of 22 healthy subjects (10 women and 12 men; aged 67 [63–83]
years) were studied. The intervention included treadmill-walking at self-selected speed with
and without multilayer high-compression bandaging (Proforeº), randomly selected. The
primary outcome variables were ankle range of motion, oxygen consumption and subjective
walking ability.
Results: Total anklerange ofmotiondecreased4% withcompression. Nochange in oxygen cost
of walking was observed. Less than half the subjects reported that walking-shoe comfort or
walking distance was negatively affected.
Conclusion: Ankle range of motion decreased with compression but could probably be
counteracted with a regular exercise programme. There were no indications that walking with
compression was more exhausting than walking without. Appropriate walking shoes could
seem important to secure gait efﬁciency when using compression garments.
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Introduction
Compression treatment has been used for centuries
to manage varicose veins, the post-thrombotic syn-
drome, leg ulcers and also, in modern times, for
preventing deep vein thrombosis. The mechanisms
of compression treatment are not clear, but the bene-
ﬁcial effects are increased lymphatic ﬂow and
venous return, improved cutaneous microcircula-
tion, restored valvular competence and improved
effect of the calf muscle pump.
1 Recent improve-
ment in compression bandages involve the use of
multilayer bandages with high pressure to be
exerted and sustained to the lower leg, with the
possibility of narrowing the margin between the
beneﬁt of compression therapy and the possibility
of hampering patients’ mobility/activity. Multilayer
compression systems are found to be most effective
in ulcer healing and are widely used.
3 Effects on
ankle joint mobility or gait capacity have to our
knowledge not been studied before.
In patients with leg ulcer, lifelong compression
treatment is crucial to increase venous return, heal
ulcers and prevent ulcer recurrence.
2,3 In addition
to compression, the initial treatment of patients
with leg ulcer should be exercise combined with
leg elevation, and use of adequate clothing and
shoes.
4,1 A general low level of physical activity,
reduced walking speed, impaired ankle range of
motion and associated poor calf pump function
are reported in these patients in comparison with
age-matched controls.
5–7 This might, among other
reasons, indicate problems with regard to being
physically active.
The major practical difﬁculty of compression
treatment, and also the best predictive factor for
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compliance of treatment by the care-giver or the
patient.
8 Patients with leg ulcer have reported
restricted ankle range of motion and distorted
walking ability because of ‘bulky and strenuous’
compression garments.
9 This indicates that com-
pression bandaging might ultimately restrict ankle
range of motion and gait capacity, thereby reducing
calf-pump effectiveness.
The aim of this study was to evaluate the effects
of multilayer high-compression bandaging on
ankle range of motion and oxygen cost of walking
in subjects without musculoskeletal problems, and
also to note subjective opinions of compression on
walking ability and walking-shoe comfort.
Methods
Subjects
Subjects without muscular-skeleton problems in
the lower limbs were recruited through colleagues,
friends and neighbours. Mild venous insufﬁciency
(varicose veins) was not an exclusion criterion as
long as walking ability was unaffected. Information
about the study was given personally or by mail or
telephone. Prior to entry, the test subjects received
written information and gave their informed
consent. Ethical approval was obtained from the
Regional Ethical Review Board in Stockholm.
A convenient sample of 22 volunteer subjects
were included, 10 women and 12 men. The
median age was 67 (63–83) years. Demographic
and background variables are shown in Table 1.
Six of the subjects had varicose veins among
whom four used class II compression stockings reg-
ularly (two during winter only, two all year long).
Compression
A multilayer high-compression system (Proforeº,
Smith & Nephew) was chosen. The bandage was
applied by an experienced nurse according to the
supplier’s instructions (see http://wound.smith-
nephew.com/se/Product.asp?NodeId=857&Tab=5&
Hide=,14 August2008). To ensure that the level of
compression was equal in all subjects with a
falling gradient from the ankle to the knee, a sub-
bandage pressure transducer (Kikuhime, Biomedi-
cal Systems Engineering, large probe) was used
(Figure 1). The transducer probe was placed inside
a sheet positioned under the bandage, which made
it possible to slide the probe underneath the
bandage from the ankle to the knee. The sub-
bandage pressure was measured at three different
points; at the lateral malleolus, 15 cm below caput
ﬁbulae, and at the knee. The measurements were
made in a prone position prior to treadmill-walking.
Median sub-bandage pressures in the subjects were
40 (38–42) mmHg, 30 (28–32) mmHg and 20 (19–
21) mmHg, respectively.
Measurements
All measurements were performed by an experi-
enced team – a physiotherapist, a bio-engineer
and a nurse – at the Movement Laboratory at Kar-
olinska University Hospital, Solna, Stockholm,
Sweden, on two different days with a median of
six (0.5–57) days apart. The subjects were instructed
to bring exercise clothing and the same preferred
walking shoes on both occasions. Demographic
and background variables were reported by the
subjects.
The International Classiﬁcation of Functioning,
Disability and Health (ICF) was used as a concep-
tual model.
10 The following components of ICF
were included: ‘body functions and structures’,
‘activities’ and ‘personal factors’.
Table 1 Demographic and background variables of the subjects
(n ¼ 22)
Gender N Age (years) BMI (kg.m
22)
Female 10 67 (63–70) 21.6 (18.8–25.6)
Male 12 68 (64–83) 24.6 (21.9–26.7)
Total 22 67 (63–83) 23.6 (18.8–26.7)
Figure 1 Measuring sub-bandage pressure using the Kikuhime
pressure transducer (Biomedical Systems Engineering). The pressure
transducer probe is placed inside a blue sheet positioned under the
bandage to make it possible to slide the probe underneath the
bandage from the ankle to the knee measuring sub-bandage
pressure at three points: the lateral malleolus, 1.5 cm below caput
ﬁbulae and at the knee
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Anklerangeofmotion(primaryoutcome)
Loaded dorsiﬂexion of the ankle was measured in a
standing position with one leg on the ﬂoor and the
examined leg on a 30-cm-high box.
11 The subject
leaned forward with the sole of the examined foot
ﬂat on the box and the greater part of the body
weight on this foot to the point where the heel
was just in contact with the surface of the box.
The angle between the box surface and a line
through the tip of the lateral malleoleus and the
head of the ﬁbula was assessed using a standard
goniometer.
To measure plantar ﬂexion the subject sat on the
edge of a chair. The investigated leg was stretched
forward with the sole of the foot on the ﬂoor to
the point where the medial part of the forefoot
was just in contact with the ﬂoor.
12 The angle
between the ﬂoor and the lateral-malleolus and
head-of-ﬁbula line was measured with a standard
goniometer.
The normal value for loaded dorsiﬂexion (with
bent knee) is stated as 308 and for plantar ﬂexion
(with straight knee) as 37.68, 36 in men and 39 in
women.
13,11 Ankle range of motion was measured
both with and without compression. All measure-
ments were repeated twice to ensure accuracy and
the best value was chosen.
Oxygencost (primaryoutcome)
Oxygen consumption, VO2 (l minute
21)w a s
assessed after six minutes, at steady state, while
the subject was walking on a treadmill (Cardio
Rehab-Hill 3175, Cardionics Fo ¨rsa ¨ljning AB) with
and without compression bandaging at a speed as
close as possible to the self-selected walking speed
in the corridor (Figure 2). Metamax II (Serial nos.
M II 53229901) was used for assessing oxygen con-
sumption. In Metamax II, O2 and CO2 are measured
in the expired air with a turbine ﬂow meter attached
to a breathing mask. Sampled expired air is equili-
brated with surrounding air before the fractions of
O2 and CO2 are measured. The instrument was
used according to the instructions in the manual
and was calibrated against a commercial gas of
known concentration of O2 and CO2 before the
start of the experiment. The instrument was
further calibrated against room air, the concen-
tration of O2 and CO2 in the room air being read
and the ﬂow transducer calibrated with a 3 l high-
precision calibration syringe (Calibration syringe
D, Sensomedics) before each trial with a new
subject. During the experiments the data collected
were immediately transferred to and stored in a
computer calculating the oxygen cost in mL.kg
21.
minute
21 and in mL.kg
21.m
21. Heart rate was
monitored using a heart rate monitor with a chest
transmitter (Polar, Polar Oy, Kempele, Finland)
(Figure 3).
Estimatedmaximaloxygencapacity
Maximal oxygen capacity (VO2 max) was estimated
by means of a sub-maximal bicycle-ergometry test
according to A ˚ strand and Rhyming.
14 The work
rate on the bicycle (Monark Ergomedic 839) was
adjusted depending on the subject’s gender, age
and physical activity level to reach the required
heart rate that is above 120 beats/minute. The subjects
Figure 3 Measuring oxygen consumption while walking on a
treadmill with multilayer high-compression bandaging on one leg Figure 2 Measuring loaded ankle dorsiﬂexion with a Goniometer
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to reach steady state. Heart rate was monitored
using a heart rate monitor with a chest transmitter
(Polar, Polar Oy, Kempele, Finland). Maximal
oxygen capacity (VO2max, l .minute
21) was calcu-
lated according to the nomogram and the factors
provided by A ˚ strand and Rhyming and A ˚ strand
and Rodahl.
14,15 Relative VO2max (mL . kg
21.
minute
21) was calculated from absolute VO2max
(l.minute
21) and measured body weight (kg).
Activities
Self-selectedwalkingspeed
Self-selected walking speed over a level ﬂoor was
assessed using a modiﬁed 6-minute walking test
(6MWT).
16,17 The subjects walked along a 35 m
calm indoor corridor with marks every meter.
They were instructed to walk for six minutes
without running or jogging, using their customary
walking speed. Information regarding how many
minutes they had walked and minutes to go were
given each minute during the test.
18 Exertion was
rated on the Borg RPE scale (6–20) after the test,
the total walking distance was noted and the
walking speed was calculated.
19
Personal factors
Subjects’opinions(primaryoutcome)
The following questions were asked when the sub-
jects had walked with and without compression:
‘Suppose you were to walk for a longer distance.
Would you be able to walk the same distance with
and without compression? Does the compression
garment affect walking comfort in your regular
walking shoes?’
Testoccasions1and2
During the ﬁrst test occasion the subjects performed
the sub-maximal bicycle-ergometry test and the
6MWT. After the tests the subjects were instructed
in treadmill-walking and the breathing mask was
introduced as the participants were not familiar
with treadmill walking. Walking speed was succes-
sively increased as close as possible to the speed
chosen in the corridor. Plantar ﬂexion and dorsiﬂex-
ion were explained and measured.
During the second test occasion, oxygen con-
sumption was assessed while the subjects walked
thrice on the treadmill, ﬁrst without and then with
or without compression, randomly chosen. The
subjects rested in a prone position for 10 minutes
after each session. Ankle range of motion was
measured prior to walking on the treadmill both
with and without compression. Questions regard-
ing the subjective experience of compression on
walking ability and walking-shoe comfort were
asked after the last walking session.
Statistics
Ratio data are presented as median and range, and
nominal data by numbers/frequencies. The rank
test was used to test differences between walking
with and without compression.
A P value of ≤0.05 was considered statistically
signiﬁcant. All statistical analyses were performed
with the SPSS version 15.0 (SPSS Inc, Chicago, IL,
USA).
Results
Body functions and structures
Anklerangeofmotion(primaryoutcome)
The median value for total ankle range of motion
(the sum of plantar ﬂexion and dorsiﬂexion)
without compression was 87 (69–108)8, decreasing
to 83 (68–105)8 (P ¼ 0.001) with compression ban-
daging. The median decrease in the total ankle
range of motion was 3.3 (212–4)8 (4%). The
reduction in the total ankle range of motion was pri-
marily due to reduced ankle-dorsiﬂexion (Table 2).
Oxygencost (primaryoutcome)
The median values for oxygen cost of walking
without and with compression were 0.156 (0.13–
0.23) mL .kg
21.m
21 and 0.152 (0.13–0.24) mL .
kg
21 .m
21 (P ¼ 0.505), respectively. Oxygen costs
of walking with and without compression for the
22 test subjects are shown in Figure 4.
The relative oxygen costs of treadmill-walking
with and without compression, % VO2 max of
walking [¼(VO2 walking/VO2 bicycling) × 100]
were calculated to 43 (29–64)% without and 43
(27–72)% with compression (P ¼ 0.506).
15
Estimatedmaximaloxygencapacity
The median value of calculated maximal oxygen
capacity, VO2 max .kg
21, 28.8 (19.0–45.5) mL .
kg
21 .minute
21, was equal to age- and gender-
corrected reference values (Table 2).
15
Activities
Self-selectedwalkingspeed
Self-selected walking speed along the corridor was
1.47 (1.17–1.69) m. s
21 (Table 2). Customary
walking speed in seniors 60–70 years is reported
to be 1.23 (1.0–1.67) m. s
21.
20 Self-selected
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m .s
21, was signiﬁcantly lower than self-selected
ﬂoor-walking speed (P ¼ 0.0001). There were no
differences in perceived exertion between ﬂoor-
and treadmill-walking (Table 2).
Personal factors
Subjects’opinions(primaryoutcome)
Nine subjects experienced problems ﬁtting the ban-
daged foot into their regular walking shoes and
stated that shoe comfort was affected, while ﬁve
reported that walking ability was reduced in such
a way that they were unable to walk the same dis-
tance with compression as without.
Discussion
The main ﬁndings in this study were that the total
ankle range of motion showed a 4% decrease with
compression, and that dorsiﬂexion was more
affected than plantar ﬂexion but that walking with
or without compression showed no difference in
oxygen cost. Furthermore, compression bandaging
negatively affected walking comfort or walking
ability in less than half of the subjects.
That total ankle range of motion was decreased
with compression is in accordance with Lentner
et al.
21 who found that compression bandaging
restricted ankle joint mobility between 7% and
32% in healthy subjects, and that thick bandages
led to a more pronounced decrease than thin ones.
The reduction in our study was more modest.
However, the results cannot be compared as the
measurement methods differed in the two studies.
Lentner et al. used a passive measurement without
loading on the foot, while we used a loaded method
that enabled the subjects to use their bodyweight
to stretch the bandages, thus giving better mobility
Figure 4 Box plot, ﬁrst and third quartile and range of oxygen cost
(mL.kg
21 .m
21) in subjects (n ¼ 22) walking with and without
four-layered high-compression bandaging (P ¼ 0.505)
Table 2 Results from ankle range of motion, ﬂoor-walking, treadmill-walking and bicycle-ergometry tests (n ¼ 22)
Without compression With compression
Median Range Median Range P value
Primary outcome variables
Ankle range of motion
Total ankle range of motion (8) 87 69–108 83 68–105 0.001
Dorsiﬂexion (8) 36 24–49 34 22–47 0.004
Plantar ﬂexion (8) 51 39–61 50 34–60 0.175
Treadmill-walking
Self-selected walking speed (m.s
21) 1.32 1.11–1.50 1.32 1.11–1.50
Oxygen consumption, VO2 (l.minute
21) 0.86 0.49–1.94 0.84 0.54–1.49 0.974
Oxygen cost, VO2/kg
mL.kg
21.minute
21 11.9 9.4–17.0 12.2 9.7–18.2 0.465
mL.kg
21.m
21 0.156 0.13–0.23 0.152 0.13–0.24 0.505
Heart rate (beats.minute
21) 87 70–113 86 71–117 0.182
Perceived exertion (6–20) 11 9–13 11 9–14 0.491
Descriptive variables
Floor-walking
Self-selected walking speed (m.s
21) 1.47 1.17–1.69
Perceived exertion (6–20) 11 9–13
Bicycle-ergometry test
Work load (kpm. minute
21) 450 375–900
Heart rate (beats. minute
21) 128 102–147
Maximum oxygen capacity, VO2max
l .minute
21 1.7 1.3–3.1
mL.kg
21 .minute
21 28.8 19.0–45.5
Perceived exertion (6–20) 15 12–17
Ergometry reference values for subjects 60–70 years are 27–36 mL.kg
21 .minute
2115
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is consideredto be the clinical test that correlates best
with end results after ankle problems such as immo-
bilization and fractures.
12 Compression systems
have developed during the past 12 years, which
may also explain our better results.
A 4% reduction in ankle mobility is probably of
minor clinical signiﬁcance in healthy subjects with
normal ankle range of motion, but might be clini-
cally signiﬁcant for leg-ulcer patients, especially
dorsiﬂexion-reduction. The total ankle range of
motion is about 58–688 (depending on the method
of measurement), which in patients with active
ulceration is curtailed to an average of only 218.
5
Normal gait on level ground requires approxi-
mately 108 of dorsiﬂexion during the stand phase
and toe-off, and approximately 20–308 are needed
during stair-walking, knee ﬂexion or exercise.
22
Even a small additional reduction in ankle range
of motion due to a compression bandage, can mean
the difference between being able or not able to
climb stairs or walkon uneven ground, thus impair-
ing the calf muscle pump function and ulcer
healing. This has been demonstrated by Barwell
et al.
23 In their study, only 13% of patients who
had less than 358 of ankle range of motion had
healed at 24 weeks, compared with 60% of those
with more than 358. Thus, partial immobilization
should be counteracted with a regular exercise pro-
gramme. Davies et al.
24 showed that a simple,
home-based exercise programme was effective in
improving ankle-range of motion in patients with
long-term venous ulcer. Compression stockings,
which cause little restriction of mobility, should pre-
ferably be used when suitable.
25
We found no difference in oxygen cost between
walking with and without compression bandaging
at speeds between 1.1 and 1.5 m .s
21. To our knowl-
edge there are no published studies of energy
expenditure in walking with lower-leg com-
pression. In patients with orthopaedic diseases
Mattsson and Brostro ¨m
26 found that energy cost
of walking was increased by 10% with an unstable
ankle compared with normal conditions for
healthy subjects. Waters et al.
27 found that indivi-
duals with ankle fusion required 3% higher
energy expenditure than normal subjects walking
at the same speed. The present compression
system has probably no effects on the energy expen-
diture during walking in healthy subjects. Exper-
imental data from a sample of six patients with
venous leg ulcer indicate that this is also the case
in patients.
28
Oxygen cost of walking is obviously a parameter
which is not sensitive enough to show any clinical
implication of reduced ankle mobility. There is a
need for concentrating on outcome measures like
venous pumping function when studying the
effect of restricted ankle mobility due to com-
pression in patients with venous leg ulcer.
29
Ku ¨gler et al.
30 found that artiﬁcially restricting the
movement of the ankle joint decreased the effective-
ness of the calf muscle pump during walking in
healthy subjects. This is probably also the case in
patients with venous leg ulcer.
The relative oxygen costs during walking with
and without compression were calculated to 43%
of VO2 max both with and without compression.
This ﬁnding tallies with that of Waters and
Mulroy
20 who stated that the rate of oxygen con-
sumption at self-selected walking speed requires
nearly 48% of the VO2 max in a subject 75 years of
age. Walking requires little effort as long as it
taxes less than 50% of VO2 max.
20 Patients with
leg ulcer are accustomed to wearing compression
bandaging, which was not the case for our test sub-
jects, indicating that walking with compression
might even be less affected in patients.
In this study, maximal oxygen capacity during
walking was calculated from the predicted VO2
max from a sub-maximal bicycle-ergometry test.
A maximal test or a sub-maximal walking test on
a treadmill had been preferable. This was not
done, both for convenience and for exposing the
subjects to a minimum of effort.
Treadmill-walking speed was signiﬁcantly lower
than ﬂoor-walking speed, yet not different from
adults’ customary walking speed, which is
between 1.0–1.67 m. s
21.
20 The lowered treadmill-
walking speed in our study was probably a result
of the subjects’ high age and their feeling of insecur-
ity, as they had no experience of treadmill-walking
prior to the two days of testing. However, the learn-
ing effect probably did not affect the test results,
as the test order was randomized.
We chose to measure energy expenditure at a con-
trolled walking speed on a treadmill to guarantee
the same speed both with and without com-
pression. Self-selected walking speed differs
among patient populations depending on the
extent of disability.
20 Patients with gait disabilities,
often seen in patients with leg ulcer, have difﬁcul-
ties adjusting to walking on a treadmill. It might
be preferable to test patients on a track, allowing
them to select their preferred walking speed and
use their customary walking aids. However, the
walking speed would be difﬁcult to standardize
under those conditions.
Distorted walking ability because of compression
garments has previously been reported in patients
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9 In the present study, reduced
walking-shoe comfort, problems using regular
walking shoes and impaired walking ability were
reported in nearly half the subjects. To facilitate re-
commended walking in patients with venous leg
ulcer, the use of appropriate walking shoes in com-
bination with compression garments should be
stressed.
Conclusion
Ankle range of motion was decreased with com-
pression bandaging. There were no differences in
oxygen cost of walking with and without com-
pression. Compression bandaging negatively
affected walking comfort due to problems with
walking shoes in nine subjects and ﬁve reported
that walking ability was impaired due to the com-
pression garment.
Implications
Compression bandages reduce ankle range of
motion and should be counteracted with a regular
exercise programme. Compression stockings,
which cause little restriction of ankle range of
motion, should preferably be used when suitable.
The results indicate that walking with compression
is not too exhausting and can be recommended as a
part of the treatment strategy for patients with leg
ulcer. The use of appropriate walking shoes in com-
bination with compression garments is important to
secure gait efﬁciency and comfortable walking.
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